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ELECTROPANCREATOGRAPHY 

FIELD OF THE INVENTION 

The present invention relates generally to electrical sensing, and specifically to 
invasive devices and methods for sensing electrical activity of the pancreas. 

5 BACKGROUND OF THE INVENTION 

The human pancreas performs two functions: producing pancreatic endocrine 
hormones, which affect the behavior of cells throughout the body, and producing 
pancreatic digestive enzymes, which assist in the digestion of food. Among other 
endocrine hormones produced by the pancreas, insulin is the most well-known, because 

10 of the large number of diabetic patients who regularly monitor their glucose levels to 
determine whether to self-administer a dose of insulin. The general function of insulin 
is to regulate blood glucose levels, by causing peripheral cells of the body to absorb 
glucose as a person f s blood sugar rises. Some types of diabetes, for example, arise as a 
consequence of inadequate insulin release by the pancreas. Normal, physiological 

1 5 insulin generation and uptake, however, allow peripheral cells to properly manage the 
body's energy needs. 

It is well known in the art to measure the electrical activity of individual 
pancreatic beta cells, for example, by micropipetting. It is also known to measure the 
collective activity of the cluster of cells in a pancreatic islet of Langerhans. 

20 An article by Jaremko and Rorstad, entitled, "Advances toward the implantable 

artificial pancreas for treatment of diabetes," Diabetes Care, 21(3), March 1998, which 
is incorporated herein by reference, describes enzymatic glucose sensors and optical 
glucose sensors for use in an artificial pancreas. They note that "...implantable 
enzymatic sensors are not yet clinically applicable because of problems with bio- 

25 compatibility. Clinical research is necessary on the effect of chronic subcutaneous 
implantation and local inflammation on glucose sensor performance." Moreover, with 
respect to optical sensors, they write: "It appears that despite recent press releases, we 
are still some way from having a widely applicable long-term optical blood glucose 
sensor. This technology avoids the biocompatibility problems of enzymatic sensors but 

30 improvements in precision and reductions in cost are needed. Basic research is 
required as to the effects of environmental and metabolic variations on absorption 
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spectra before a reliable and clinically practical optical sensor will become available." 
They similarly describe subcutaneous microdialysis probes and a transcutaneous 
glucose extraction device as not yet being suitable for regular clinical use. They 
conclude, "the quest for a reliable, long-term, wearable, or implantable blood glucose 
sensor has been frustrating so far and few clinical studies have been carried out." 

US Patent 6,093,167 to Houben et al., which is incorporated herein by 
reference, describes implantable apparatus for monitoring pancreatic beta cell electrical 
activity in a patient in order to obtain a measure of the patient's insulin demand and 
blood glucose level. A stimulus generator delivers stimulus pulses, which are intended 
to synchronize pancreatic beta cell depolarization and to thereby produce an electrical 
response in the pancreas. This response is analyzed so as to determine an indication of 
insulin demand, whereupon insulin from an implanted pump is released, or the 
pancreas is stimulated so as to enhance insulin production. 

US Patent 5,919,216 to Houben et al., which is incorporated herein by 
reference, describes a system for automatically responding to insulin demand without 
any need for external monitoring or injecting of insulin into a diabetic patient. The 
system as described senses glucose levels internally, and responds by stimulating either 
the pancreas or a transplant of pancreatic islets in order to enhance insulin production. 

US Patent 5,741,211 to Renirie et al., which is incorporated herein by reference, 
describes apparatus which evaluates an electrocardiographic signal in order to 
determine an indication of blood insulin and/or glucose levels. 

US Patents 5,101,814 and 5,190,041 to Palti, which are incorporated herein by 
reference, describe a system which utilizes implanted glucose-sensitive living cells to 
monitor blood glucose levels. The implanted cells produce a detectable electrical or 
optical signal in response to changes in glucose concentration in surrounding tissue. 
The signal is then detected and interpreted to give a reading indicative of blood glucose 
levels. 

The following articles, which are incorporated herein by reference, may be of 
interest. In particular, methods and apparatus described in one or more of these articles 
may be adapted for use with some preferred embodiments of the present invention. 

1) Lamb F.S. et al., "Cyclosporine augments reactivity of isolated blood 
vessels," Life Sciences, 40, pp. 2571-2578, 1987. 
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2) Johansson B. et al., "Static and dynamic components in the vascular 
myogenic response to passive changes in length as revealed by electrical and 
mechanical recordings from the rat portal vein," Circulation Research, 36, pp. 76-83, 
1975. 

5 3) Zelcer E. et al., "Spontaneous electrical activity in pressurized small 

mesenteric arteries," Blood Vessels, 19, pp. 301-310, 1982. 

4) Schobel H.P. et al., "Preeclampsia - a state of sympathetic overactivity," 
New England Journal of Medicine, 335, pp. 1480-1485, 1996. 

5) Gomis A. et al., "Oscillatory patterns of electrical activity in mouse 
1 0 pancreatic islets of Langerhans recorded in vivo," Pflugers Archiv European Journal of 

Physiology, Abstract Volume 432(3), pp. 510-515, 1996. 

6) Soria B. et al., "Cytosolic calcium oscillations and insulin release in 
pancreatic islets of Langerhans," Diabetes Metab., 24(1), pp. 37-40, February 1998. 

7) Magnus G. et al., "Model of beta-cell mitochondrial calcium handling 
15 and electrical activity. II. Mitochondrial variables," American Journal of Physiology, 

274(4 Pt 1): C1174-1184, April 1998. 

8) Gut R. et al., "High-precision EMG signal decomposition using 
communication techniques," IEEE Transactions on Signal Processing, 48(9), pp. 2487- 
2494, September 2000. 

20 9) Nadal A. et al., "Homologous and heterologous asynchronicity between 

identified alpha-, beta-, and delta-cells within intact islets of Langerhans in the mouse," 
Journal of Physiology, 517(Pt. 1), pp. 85-93, May 1999. 

SUMMARY OF THE INVENTION 

It is an object of some aspects of the present invention to provide improved 
2 5 methods and apparatus for sensing pancreatic electrical activity. 

It is also an object of some aspects of the present invention to provide methods 
and apparatus for sensing electrical activity of a substantial portion of the pancreas. 

It is a further object of some aspects of the present invention to provide 
improved methods and apparatus for modifying pancreatic function. 
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It is yet a further object of some aspects of the present invention to provide 
improved methods and apparatus for treating physiological disorders resulting from 
improper functioning of the pancreas. 

It is still a further object of some aspects of the present invention to provide 
5 improved methods and apparatus for monitoring glucose levels in the blood. 

In preferred embodiments of the present invention, pancreatic apparatus 
comprises a control unit and one or more electrodes, adapted to be coupled to 
respective sites on, in, or near the pancreas of a human subject. Preferably, the 
electrodes convey to the control unit electrical signals which are generated within a 

10 substantial portion of the pancreas. Typically, but not necessarily, the control unit 
analyzes various aspects of the signals, and drives the electrodes to apply pancreatic 
control signals to the pancreas responsive to the analysis. The term "substantial portion 
of the pancreas," as used in the context of the present patent application and in the 
claims, is to be understood as a portion of the pancreas larger than two or more islets, 

1 5 and typically larger than ten or more islets. 

These embodiments of the present invention thus differ significantly from prior 
art electrical sensors, which typically measure the behavior of (a) individual pancreatic 
cells, or (b) clusters of cells in a particular islet. The inventors believe that neither of 
these prior art methods is appropriate for daily use by patients. The former is typically 

20 practiced using a micropipette, which cannot be used practically by a patient (because 
of the likelihood of the micropipette breaking and/or the damage to a pancreatic cell 
due to the micropipetting), and the latter reveals the electrical activity of only a very 
small portion of the pancreas. Thus, the prior art measures islet activity by actually 
placing a probe in contact with the islet, and, typically, applying suction to the islet. 

25 These embodiments of the present invention, by contrast, do not necessarily require 
contact of an electrode or other probe with an islet; indeed, a single electrode often 
records activity in a plurality of islets. 

By way of analogy, the behavior of the heart cannot be adequately summarized 
by assessing the electrical activity of any one bundle of cells; instead, an 
30 electrocardiogram is used. Embodiments of the present invention, similarly, assess the 
electrical activity of a substantial portion of the pancreas, typically in order to 
determine whether a treatment is appropriate (e.g., stimulating the pancreas to secrete 
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more insulin, or generating a signal to activate an implanted insulin pump). For this 
reason, the inventors call the process of sensing the electrical activity of a substantial 
portion of the pancreas, as described herein, electropancreatography (EPG). 
Experiments performed by the inventors have shown that electropancreatography is 
5 sensitive to clinically-significant phenomena, e.g., an increase in blood glucose levels 
from normal to supraphysiological values. 

In a preferred embodiment, the control unit drives some or all of the electrodes 
to apply signals to the pancreas responsive to detecting EPG signals which are 
indicative of a particular physiological condition, such as elevated blood glucose levels. 

10 Preferably, these signals are applied using methods and apparatus similar to those 
described in one or more of the following applications: (a) US Provisional Patent 
Application 60/123,532, filed March 5, 1999, entitled "Modulation of insulin 
secretion," (b) PCT Patent Application IL 00/00132, filed March 5, 2000, entitled 
"Blood glucose level control," or (c) PCT Patent Application DL 00/00566, filed 

15 September 13, 2000, also entitled "Blood glucose level control." Each of these 
applications is assigned to the assignee of the present patent application and is 
incorporated herein by reference. Typically, each electrode conveys a particular 
waveform to the pancreas, which may differ in certain aspects from the waveforms 
applied to other electrodes. The particular waveform to be applied to each electrode is 

20 preferably determined by the control unit, initially under the control of a physician 
during a calibration period of the unit. After the initial calibration period, the unit is 
generally able to automatically modify the waveforms as needed to maintain a desired 
level of performance of the apparatus. 

In a preferred embodiment, one or more physiological sensors (e.g., for 
25 measuring blood sugar, blood pH, pC02, p02, blood insulin levels, blood ketone 
levels, ketone levels in expired air, blood pressure, respiration rate, respiration depth, or 
heart rate) send physiological-sensor signals to the control unit. The various sensor 
signals serve as feedback, to enable the control unit to iteratively adjust the signals 
applied to the pancreas. Alternatively or additionally, other sensors are coupled to the 
30 pancreas or elsewhere on the patient's body, and send signals to the control unit which 
are used in determining modifications to parameters of the applied signals. 
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As appropriate, methods and apparatus described in US Provisional Patent 
Application 60/208,157, entitled, "Electrical Activity Sensor for the Whole Pancreas," 
filed May 31, 2000, which is assigned to the assignee of the present patent application 
and is incorporated herein by reference, may be adapted for use with embodiments of 
5 the present invention. 

There is therefore provided, in accordance with a preferred embodiment of the 
present invention, apparatus for sensing electrical activity of a pancreas of a patient, 
including: 

a set of one or more electrodes, adapted to be coupled to the pancreas; and 
10 a control unit, adapted to receive electrical signals from the electrodes 

indicative of electrical activity of pancreatic cells which are in a plurality of islets of the 
pancreas, and to generate an output responsive thereto. 

Preferably, a single electrode in the set of one or more electrodes is adapted to 
convey to the control unit an electrical signal indicative of electrical activity of 
1 5 pancreatic cells which are in two or more of the islets. 

In a preferred embodiment, the control unit is adapted to receive electrical 
signals from the electrodes indicative of electrical activity of pancreatic cells which are 
in five or more of the islets. Preferably, the control unit is adapted to receive electrical 
signals from the electrodes indicative of electrical activity of pancreatic cells which are 
20 in ten or more of the islets. 

In a preferred embodiment, a first one of the one or more electrodes is adapted 
to convey to the control unit a first electrical signal, indicative of electrical activity of 
pancreatic cells which are in a first one of the islets, and wherein a second one of the 
one or more electrodes is adapted to convey to the control unit a second electrical 
25 signal, indicative of electrical activity of pancreatic cells which are in a second one of 
the islets, which is different from the first one of the islets. 

The control unit is typically adapted to receive the electrical signals from the 
electrodes responsive to spontaneous electrical activity of the pancreatic cells. 

For some applications, the control unit is adapted to analyze the signals so as to 
30 identify an aspect thereof indicative of activity of a type of cell selected from the list 
consisting of: pancreatic alpha cells, pancreatic beta cells, pancreatic delta cells, and 
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polypeptide cells, and wherein the control unit is adapted to generate the output 
responsive to identifying the aspect. 

There is further provided, in accordance with a preferred embodiment of the 
present invention, apparatus for monitoring a glucose level of a patient, including: 
5 a set of one or more electrodes, adapted to be coupled to a pancreas of the 

patient; and 

a control unit, adapted to receive electrical signals from the electrodes 
indicative of spontaneous electrical activity of pancreatic cells, to analyze the signals so 
as to determine a change in the glucose level, and to generate an output responsive to 
1 0 determining the change. 

There is still further provided, in accordance with a preferred embodiment of 
the present invention, apparatus for analyzing electrical activity of a pancreas of a 
patient, including: 

a set of one or more electrodes, adapted to be coupled to the pancreas; and 
15 a control unit, adapted to receive electrical signals from the electrodes, adapted 

to analyze the signals so as to identify an aspect thereof which is indicative of activity 
of pancreatic alpha cells, and adapted to generate an output responsive to identifying 
the aspect. 

There is yet further provided, in accordance with a preferred embodiment of the 
2 0 present invention, apparatus for analyzing electrical activity of a pancreas of a patient, 
including: 

a set of one or more electrodes, adapted to be coupled to the pancreas; and 

a control unit, adapted to receive electrical signals from the electrodes, adapted 

to analyze the signals so as to identify an aspect thereof which is indicative of 
25 spontaneous activity of pancreatic beta cells, and adapted to generate an output 

responsive to identifying the aspect. 

Typically, the control unit is adapted to analyze the signals so as to distinguish 
between the aspect thereof which is indicative of the activity of the beta cells and an 
aspect thereof which is indicative of activity of pancreatic alpha cells, and wherein the 
30 control unit is adapted to generate the output responsive to distinguishing between the 
aspects. 
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There is also provided, in accordance with a preferred embodiment of the 
present invention, apparatus for analyzing electrical activity of a pancreas of a patient, 
including: 

a set of one or more electrodes, adapted to be coupled to the pancreas; and 
a control unit, adapted to receive electrical signals from the electrodes, adapted 
to analyze the signals so as to identify an aspect thereof which is indicative of activity 
of pancreatic delta cells, and adapted to generate an output responsive to identifying the 
aspect. 

There is additionally provided, in accordance with a preferred embodiment of 
the present invention, apparatus for analyzing electrical activity of a pancreas of a 
patient, including: 

a set of one or more electrodes, adapted to be coupled to the pancreas; and 
a control unit, adapted to receive electrical signals from the electrodes, adapted 
to analyze the signals so as to identify an aspect thereof which is indicative of activity 
of polypeptide cells, and adapted to generate an output responsive to identifying the 
aspect. 

In a preferred embodiment, the control unit is adapted to compare the aspect of 
the signals with a stored pattern that is indicative of activity of the cells, and to generate 
the output responsive thereto. 

For some applications, the control unit is adapted to analyze the signals by 
means of a technique selected from the list consisting of: single value decomposition 
and principle component analysis, and to generate the output responsive thereto. 
Alternatively, the control unit is adapted to analyze the signals under an assumption 
that the activity of the cells is dependent on electrical activity of another type of 
2 5 pancreatic cell, and to generate the output responsive thereto. 

Typically, the control unit is adapted to analyze the signals so as to identify a 
frequency aspect thereof, and to generate the output responsive to identifying the 
frequency aspect. For example, the control unit may be adapted to analyze the signals 
so as to differentiate between a first frequency aspect of the signals which is indicative 
of the activity of the cells, and a second frequency aspect of the signals, different from 
the first frequency aspect, which is indicative of activity of another type of pancreatic 
cell. 
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For some applications, the control unit is adapted to analyze the signals so as to 
identify over time a change in the frequency aspect that is characteristic of the cells. 

Alternatively or additionally, the control unit is adapted to analyze the signals 
so as to identify a magnitude aspect thereof, wherein the control unit is adapted to 
5 analyze the frequency aspect and the magnitude aspect in combination, and wherein the 
control unit is adapted to generate the output responsive to analyzing the aspects. 
Further alternatively or additionally, the control unit is adapted to analyze the signals so 
as to identify a duration aspect thereof, wherein the control unit is adapted to analyze 
the frequency aspect and the duration aspect in combination, and wherein the control 
10 unit is adapted to generate the output responsive to analyzing the aspects. 

For some applications, the control unit is adapted to analyze the signals so as to 
identify a magnitude aspect thereof and a duration aspect thereof, the control unit is 
adapted to analyze the aspects in combination, and the control unit is adapted to 
generate the output responsive to analyzing the aspects. 

15 The control unit is preferably adapted to analyze the electrical signals with 

respect to calibration data indicative of aspects of pancreatic electrical activity recorded 
at respective times, in which respective measurements of blood glucose level of the 
patient generated respective values. 

Preferably, the electrodes are adapted to be placed in contact with the pancreas, 
20 e.g., in contact with the head, body, or tail of the pancreas. Alternatively or 
additionally, at least one of the electrodes is adapted to be placed in contact with a vein 
or artery of the pancreas, or in contact with a blood vessel in a vicinity of the pancreas. 

For some applications, the apparatus includes a treatment unit, adapted to 
receive the output and to apply a treatment to the patient responsive to receiving the 

25 output. The treatment unit preferably includes at least one electrode in the set of 
electrodes, and the control unit is adapted to drive the at least one electrode to apply 
current to the pancreas capable of treating a condition of the patient. Alternatively or 
additionally, the treatment unit includes a signal-application electrode, not necessarily 
in the set of electrodes, and the control unit is adapted to drive the signal-application 

3 0 electrode to apply current to the pancreas capable of treating a condition of the patient. 
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In a preferred embodiment, the control unit is adapted to generate the output 
responsive to an aspect of the timin g of the electrical signals, and the treatment unit is 
adapted to apply the treatment responsive to the timing aspect. 

The control unit is typically adapted to configure the output to the treatment unit 
5 so as to be capable of modifying an amount of glucose in blood in the patient, e.g., so 
as to be capable of increasing or decreasing the amount of glucose. 

In a preferred embodiment, the control unit is adapted to receive the signals 
from at least one of the electrodes when the at least one of the electrodes is not in 
contact with any islet of the pancreas. 

0 For some applications, the control unit is adapted to generate the output so as to 

facilitate an evaluation of a state of the patient, not necessarily in conjunction with any 
treatment of the patient. 

In a preferred embodiment, at least one of the electrodes has a characteristic 
diameter less than about 3 millimeters. For example, the at least one of the electrodes 
5 may have a characteristic diameter less than about 300 microns. For some applications, 
the at least one of the electrodes has a characteristic diameter less than about 30 
microns. 

In a preferred embodiment, the apparatus includes a clip mount, coupled to at 
least one of the electrodes, which is adapted for securing the at least one of the 
0 electrodes to the pancreas. 

There is yet additionally provided, in accordance with a preferred embodiment 
of the present invention, a method for sensing electrical activity of a pancreas of a 
patient, including: 

receiving electrical signals indicative of electrical activity of pancreatic cells 
which are in a plurality of islets of the pancreas; and 
generating an output responsive thereto. 

There is still additionally provided, in accordance with a preferred embodiment 
of the present invention, a method for monitoring a glucose level of a patient, 
including: 

receiving electrical signals indicative of spontaneous electrical activity of 
pancreatic cells; 
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analyzing the signals so as to determine a change in the glucose level; and 
generating an output responsive to determining the change. 

There is also provided, in accordance with a preferred embodiment of the 
present invention, a method for analyzing electrical activity of a pancreas of a patient, 
5 including: 

receiving electrical signals recorded at one or more pancreatic sites; 
analyzing the signals so as to identify an aspect thereof which is indicative of 
activity of pancreatic alpha cells; and 

generating an output responsive to identifying the aspect. 

10 There is further provided, in accordance with a preferred embodiment of the 

present invention, a method for analyzing electrical activity of a pancreas of a patient, 
including: 

receiving electrical signals recorded at one or more pancreatic sites; 
analyzing the signals so as to identify an aspect thereof which is indicative of 
15 activity of pancreatic beta cells; and 

generating an output responsive to identifying the aspect. 

There is still further provided, in accordance with a preferred embodiment of 
the present invention, a method for analyzing electrical activity of a pancreas of a 
patient, including: 

2 0 receiving electrical signals recorded at one or more pancreatic sites; 

analyzing the signals so as to identify an aspect thereof which is indicative of 
activity of pancreatic delta cells; and 

generating an output responsive to identifying the aspect. 

There is yet further provided, in accordance with a preferred embodiment of the 
2 5 present invention, a method for analyzing electrical activity of a pancreas of a patient, 
including: 

receiving electrical signals recorded at one or more pancreatic sites; 
analyzing the signals so as to identify an aspect thereof which is indicative of 
activity of polypeptide cells; and 
30 generating an output responsive to identifying the aspect. 
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The present invention will be more fully understood from the following detailed 
description of the preferred embodiments thereof, taken together with the drawings, in 
which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 Fig. 1 is a schematic illustration of the external surface of a pancreas, showing 

the placement of electrodes thereon, in accordance with a preferred embodiment of the 
present invention; 

Figs. 2, 3A and 3B are schematic illustrations of electrodes for sensing activity 
of the pancreas, in accordance with respective preferred embodiments of the present 
1 0 invention; 

Fig. 4 is a schematic block diagram of a control unit, which receives signals 
from the electrodes shown in Fig. 1, in accordance with a preferred embodiment of the 
present invention; 

Figs. 5A, 5B, 5C, 6A, 6B, 6C, 7A, 7B, 7C, 8A, 8B, 8C, 9A, 9B, 10A, and 10B 
15 are graphs showing measurements or analysis of electrical activity taken during 
experiments performed in accordance with a preferred embodiment of the present 
invention; 

Figs. 11, 12, and 13 show the results of signal processing of the experimental 
results shown in Figs. 9A and 9B, in accordance with a preferred embodiment of the 
2 0 present invention; 

Fig. 14 shows the results of signal processing of experiments performed on 
dogs, in accordance with a preferred embodiment of the present invention; 

Fig. 15 shows the results of electrical activity measurements made in the 
gastrointestinal tract and in the pancreas of a dog, during experiments performed in 
2 5 accordance with a preferred embodiment of the present invention; 

Fig. 16 shows additional measurements of pancreatic and GI tract electrical 
activity, during experiments on a dog performed in accordance with a preferred 
embodiment of the present invention; and 
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Fig. 17 shows measurements of pancreatic electrical activity, during 
experiments on a dog performed in accordance with a preferred embodiment of the 
present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

5 Reference is now made to Figs. 1, 2, 3A and 3B. Fig. 1 is a schematic 

illustration of apparatus 18, which senses electrical activity of the pancreas 20 of a 
patient, in accordance with a preferred embodiment of the present invention. Fig. 2 is a 
schematic illustration of one portion of a clip mount 30 for application of wire 
electrodes 34 to the surface of pancreas 20, in accordance with a preferred embodiment 

10 of the present invention. For some applications, two or more clip mounts 30 are 
coupled together (e.g., by a spring or other mechanical element) to mechanically secure 
electrodes 34 to the pancreas. Alternatively, a one-piece clip mount having spring-like 
properties may be used to secure one or more electrodes to the pancreas. Figs. 3A and 
3B are schematic illustrations of respective mounts 40 and 46 for application of needle 

15 electrodes 44 and 48 to pancreas 20, in accordance with preferred embodiments of the 
present invention. 

Apparatus 18 preferably comprises an implantable or external control unit 90, 
which receives signals from local sense electrodes 74 preferably located in and/or on 
the pancreas (e.g., near a blood vessel of the pancreas), and supplemental sensors 72 
20 preferably located on the pancreas or elsewhere in and/or on the body of the patient. In 
some applications (not shown), it is desirable to insert one or more of electrodes 100 
into a blood vessel in a vicinity of pancreas 20, so as to sense or stimulate from that 
site. 

In response to receiving and analyzing the signals from local sense electrodes 
2 5 74, control unit 90 may apply a treatment by means of a treatment unit, comprising, for 
example, one or more electrodes 100, which in turn comprise local sense electrodes 74 
(Fig. 1), signal application electrodes 76 (Fig. 1), reference electrodes 78 (Fig. 1), 
electrodes 34 (Fig. 2), electrodes 44 (Fig. 3A) and/or electrodes 48 (Fig. 3B). 
Alternatively or additionally, the treatment unit may comprise other apparatus known 
30 in the art (not shown), for example, an implanted insulin pump or a display unit 
instructing the patient to inject a particular dose of insulin. 
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Typically, electrodes 100 convey signals to control unit 90 responsive to 
spontaneous electrical activity of the pancreas, e.g., activity which occurs in the course 
of natural, ongoing processes of the pancreas. For some applications, however, a 
synchronizing signal is first applied (e.g., using techniques described in US Patent 
5 5,919,216 or 6,093,167 to Houben et al.), and pancreatic electrical activity is measured 
subsequent thereto. 

In a preferred embodiment, one or more reference electrodes 78 are placed near 
the pancreas or elsewhere in or on the patient's body. Optionally, at least one of 
electrodes 78 comprises a metal case of control unit 90. It is believed that in some 
10 applications, the use of the reference electrodes minimizes problems in recording 
pancreatic electrical activity which may arise due to respiratory movements, neural 
firing, cardiac electrical phenomena, electromyographic phenomena, and/or 
gastrointestinal tract electrical phenomena. 

For applications in which the control unit applies signals to the pancreas, 
1 5 methods and techniques are preferably employed which are described in one or more of 
the following applications: (a) US Provisional Patent Application 60/123,532, filed 
March 5, 1999, entitled "Modulation of insulin secretion," (b) PCT Patent Application 
IL 00/00132, filed March 5, 2000, entitled "Blood glucose level control," or (c) PCT 
Patent Application IL 00/00566, filed September 13, 2000, also entitled "Blood glucose 
20 level control." Each of these applications is assigned to the assignee of the present 
patent application and is incorporated herein by reference. 

Alternatively or additionally, the control unit actuates other means for 
responding to particular conditions detected by electrodes 100. In a preferred 
embodiment, an insulin pump (not shown) is actuated to deliver a determined dose of 
25 insulin to the patient. In another preferred embodiment, the control unit generates a 
signal which instructs the patient to self-administer a dose of insulin. In still another 
preferred embodiment of the present invention, apparatus 18 is used in a diagnostic 
mode, and electrical measurements made by the apparatus are stored for later analysis 
by a physician. 

30 Preferably, control unit 90 is coupled to one or more local sense electrodes 74, 

which are placed on or in the pancreas and convey electrical signals responsive to 
pancreatic electric activity. Alternatively or additionally, one or more of electrodes 100 
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and any other electrodes coupled to control unit 90 may also serve as sense electrodes. 
Optionally, one or more supplemental sensors 72 (e.g., blood sugar, Sv02, pH, pC02 
or p02 sensors) are coupled to convey data to the control unit, and are placed on or in 
the pancreas or elsewhere on or in the patient's body. Preferably, the control unit 
5 modifies the energy applied through electrodes 100 responsive to signals from sensors 
72 and local sense electrodes 74, as described hereinbelow. 

It is to be understood that the placement and number of electrodes and sensors 
in Fig. 1 are shown by way of example. Other sites on pancreas 20 or in a vicinity 
thereof are appropriate for electrode and sensor placement in other applications of the 
10 present invention. Different types of electrodes known in the art are typically selected 
based on the patient's specific medical condition, and may comprise substantially any 
suitable electrode known in the art of electrical stimulation or sensing in tissue. 

Fig. 4 is a schematic block diagram of control unit 90, in accordance with a 
preferred embodiment of the present invention. Local sense electrodes 74 and/or others 

15 of electrodes 100 are preferably coupled to provide feedback signals to an electrical 
function analysis block 82 of control unit 90. The feedback signals preferably provide 
information about various aspects of the pancreas' electrical activity to block 82, which 
analyzes the signals and, optionally, actuates control unit 90 to initiate or modify 
electrical energy applied to the pancreas responsive to the analysis. Alternatively or 

20 additionally, other responses to the measurements are implemented, such as the 
initiation or termination of insulin administration from an implanted pump. Preferably, 
signals applied to the pancreas are adjusted by the control unit, responsive to the 
feedback signals, in order to yield a desired response, e.g., a predetermined pancreatic 
electrical profile. 

25 Preferably, block 82 conveys results of its analysis to a "parameter search and 

tuning" block 84 of control unit 90, which iteratively modifies characteristics of the 
electrical signals applied to the pancreas in order to attain a desired response. Further 
preferably, operating parameters of block 84 are entered during an initial calibration 
period by a human operator of the control unit using operator controls 71, which may 

30 comprise a keyboard or mouse. Block 84 typically utilizes multivariate optimization 
and control methods known in the art in order to cause one or more of the 
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aforementioned electrical, chemical and/or other measured parameters to converge to 
desired values. 

In general, each one of electrodes 100 may convey a particular waveform to 
pancreas 20, differing in certain aspects from the waveforms applied by the other 
electrodes. The particular waveform to be applied by each electrode is detennined by 
control unit 90, initially under the control of the operator. Aspects of the waveforms 
which are set by the control unit, and may differ from electrode to electrode, typically 
include parameters such as time shifts between application of waveforms at different 
electrodes, waveform shapes, amplitudes, DC offsets, durations, and duty cycles. For 
example, the waveforms applied to some or all of electrodes 100 may comprise a 
monophasic square wave pulse, a sinusoid, a series of biphasic square waves, or a 
waveform including an exponentially-varying characteristic. Generally, the shape, 
magnitude, and timing of the waveforms are optimized for each patient and for each 
electrode, using suitable optimization algorithms as are known in the art. For example 
one electrode may be 'driven to apply a signal, while a second electrode on the pancreas' 
.s not applying a signal. Subsequently, the electrodes may change functions, whereby 
the second electrode applies a signal, while the first electrode is not applying a signal. 

For the purposes of this embodiment of the present invention, block 84 typically 
modifies a set of controllable parameters of the signals, responsive to the measured 
parameters, in accordance with values in a look-up table and/or pre-programmed 
formulae stored in an electronic memory of control unit 90. The controllable 
parameters may comprise, for example, pulse timing, magnitude, affect, and 
monophasic or biphasic shape. Preferably, the controllable parameters are conveyed by 
block 84 to a signal generation block 86 of control unit 90, which generates, responsive 
to the parameters, electrical signals that are applied by electrodes 100 to pancreas 20. 
Block 86 preferably comprises amplifiers, isolation units, and other standard circuitry 
known in the art of electrical signal generation. 

In a typical initial calibration procedure, a bolus dose of glucose is administered 
to the patient, and electrical function analysis block 82 determines changes in the 
eiectrical activity of the pancreas responsive to the glucose. (Experimental results 
showing some such changes in activity are described hereinbelow.) Parameter search 
and tuning block 84 subsequently modifies a characteristic (e.g., timing, frequency, 

16 
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duration, magnitude, and/or shape) of the signals applied through one of electrodes 100, 
typically so as to cause the pancreas to release a hormone such as insulin in greater 
quantities than would otherwise be produced. This release causes cells throughout the 
patient's body to increase their uptake of the glucose, which, in turn, lowers the levels 
5 of glucose in the blood and causes the electrical activity of the pancreas to return to 
baseline values. In a series of similar calibration steps, block 84 repeatedly modifies 
characteristics of the signals applied through each of the electrodes, such that those 
modifications that reduce blood sugar, accelerate the return of the 
electropancreatographic measurements to baseline values, and/or otherwise improve the 
1 0 EPG, are generally maintained, while modifications that cause it to worsen are typically 
eliminated or avoided. 

It will be appreciated that whereas the calibration procedure described 
hereinabove is applied with respect to a single electrode, for some applications, 
multiple electrodes are calibrated substantially simultaneously, for example, in order to 
15 determine which electrodes should be driven simultaneously to apply current to the 
pancreas. 

Alternatively or additionally, the calibration procedure includes: (a) 
administration of insulin and/or a fasting period to reduce blood sugar levels, (b) 
detection of changes in pancreatic electrical activity responsive to the reduced blood 
20 sugar levels, and (c) application of electrical signals to the pancreas configured to 
enhance glucagon production and generally restore the EPG to its baseline. 

Preferably, the calibration procedure is subsequently performed by a physician 
at intermittent follow-up visits and by unit 90 automatically during regular use of the 
apparatus (e.g., once per day, before and/or after a meal, or before and/or after physical 
25 activity), mutatis mutandis. When apparatus 18 is calibrated in the presence of a 
physician, it is often desirable to administer to the patient glucose boluses having a 
range of concentrations, in order to derive a broader range of operating parameters, 
which are stored in control unit 90 and can be accessed responsive to signals from the 
sensors and electrodes coupled to the control unit. 

30 It is to be understood that preferred embodiments of the present invention are 

described herein with respect to glucose and insulin by way of example only. In other 
embodiments, the effects of other chemicals on pancreatic electrical activity are 

17 
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monitored, and/or signals are applied to the pancreas so as to modulate the release of 
other hormones. It is also to be understood that although electrodes 74 and 76 are 
shown for clarity of explanation as separate entities, a single set of electrodes may be 
used to perform both sensing and signal application. 

5 Optionally, during the initial calibration procedure, the locations of one or more 

of e,ectrodes 100 are varied while EPG signals are measured and/or electrical signals 
are applied therethrough, so as to determine optimum placement of the electrodes. 

Preferably, during calibration and during regular operation of control unit 90 a 
systemic function analysis block 80 of control unit 90 receives inputs from 
supplemental sensors 72, and evaluates these inputs to detect an indication that blood 
sugar levels may be too high or too low. If appropriate, mese ^ may ^ 
supplemented by user inputs entered through operator controls 71, indicating, for 
example, that the patient senses that her blood sugar is too low. In a preferred 
embodunent, parameter search and tuning block 84 utilizes the outputs of analysis 
15 blocks 80 and 82 in order to determine parameters of the signals which are applied 
through electrodes 100 to pancreas 20. 

Figs. 5A, 6A, 7B, and 7C are graphs showing in vivo experimental results 
measured in accordance with a preferred embodiment of the present invention. A sand 
rat (psammomys) was anesthetized with 40 mg/ml (0.15 mg/100 mg body weight) 

20 pentobarbital. The right jugular vein was cannulated to allow drug or glucose 
■njecbons, and to allow blood samples to be taken for glucose concentration 
measurements. The animal was positioned on a warmed (37 o C ) table. A laparotomy 
was performed, and the pancreas was displaced from the abdomen and put in a dish on 
top of an electrode set similar to that shown in Fig. 3B, while retaining anatomical 

25 connection to the rest of the body of the sand rat. By removing the pancreas from the 
body, breathing and EGG artifact, were reduced. Surface electrodes like those shown 
m Fag. 2 were carefully attached to the pancreas, and an additional set of electrodes like 
those shown in Fig. 3A were placed above the pancreas. The surgery and electrode 
placement were performed using surgical binocular, In order to minimize electrical 

■0 and mechanical noise, the sand rat was put inside a Faraday cage, and electrical 
measurements were performed on a pneumatic table. 



18 



WO 01/91854 



PCT/IL01/00501 



The electrodes were connected to a Cyber-Amp 320 (Axon Instruments) 
amplifier, in which total gain was set to 10000 and a band pass filter was to allow 0.1 to 
40 Hz signals to pass. The Cyber-Amp was connected to a computer, and recorded 
signals which were sampled at 1000 Hz and saved for off-line analysis. 

5 Figs. 5A and 6A show bipolar pancreatic readings made at different times 

during experiments performed without the administration of glucose or any drug. It is 
noted that spikes of different widths are present in Fig. 5A, most being substantially 
longer, infrequent, and generally irregular than most of the spikes seen in Fig. 6A (e.g., 
those spikes generated at times t between 65 and 80 seconds). Much of the activity 

10 seen in Fig. 6 A is characterized by sharply-rising spikes having durations between 
about 200 and 500 milliseconds, which are produced at a variable spike-generation rate 
having a mean value of about 1 Hz. The absolute amplitudes of the spikes are 
generally several tens of microvolts. As described in greater detail hereinbelow, 
waveform characteristics (such as spike widths) are preferably interpreted by a control 

1 5 unit to yield information about the activity of the various types of cells in the pancreas. 
For example, as shown in figures in the above-cited article by Nadal, beta cells 
typically produce spikes having widths which are markedly smaller than those of alpha 
cells. Alternatively or additionally, duration aspects and/or magnitude aspects of other 
features of the recorded waveform are analyzed to facilitate a determination by the 

20 control unit of the contribution of different types of pancreatic cells to the measured 
EPG. 

The lower trace in Fig. 6A shows noise measured by electrodes at a different 
site on the pancreas. To increase clarity, the time axis of this trace is expanded in Fig. 
7B, and even further in Fig. 7C. The predominant features in Fig. 7B arise from 
2 5 breathing of the animal, while those in Fig. 7C are a result of power-line noise. It is 
noted that each of these is significantly different from the various pancreatic readings 
shown in the figures of the present patent application, and that software running in the 
control unit is preferably configured to identify and filter out any such non-pancreatic 
electrical activity. 

30 Figs. 5B, 5C, 6B, 6C, 7A, 8A, 8B, and 8C are graphs illustrating experimental 

data obtained in accordance with a preferred embodiment of the present invention. In 
these experiments, a rat was anesthetized, an abdominal incision was made in the 
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animal and the pancmas was removed from dm rat , abdonen Md 
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dBh, the pancreas was continuously bathed in a warm saline solution. 
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described herein, mutatis mutandis. It is further believed that, following a suitable 
calibration period, this method of recording pancreatic electrical activity can be used in 
the detection of changes in glucose levels and/or the levels of other chemicals in the 
blood. Preferably, as described herein, these changes can be stored and used in a 
5 purely diagnostic fashion, or used in combination with therapeutic means, such as 
electrical signal application to the pancreas, or administration of insulin to the patient. 

It is hypothesized that increases in amplitudes and/or fluctuations of the 
recorded signals may correspond to "recruitment" (activation) of increasing numbers of 
cells in increasing numbers of islets of Langerhans, which in turn corresponds to the 
10 propagation of glucose through the pancreas. It is noted that this propagation 
phenomenon is not detectable using techniques which are currently known in the art. 

Fig. 7A shows the sensitivity of the measurement apparatus used in these rat 
experiments to the electrical activity of the pancreas and the spleen. The data shown in 
Fig. 7 A represent electrical readings from the pancreas from t = 0 to approximately t = 

15 120 seconds. Following this initial period, the electrodes were removed from the 
pancreas and placed on the spleen, and splenic electrical activity was recorded from t = 
about 140 to 250 seconds. The pancreas is seen to be significantly more electrically 
active than the spleen. In continuations of this experiment (not shown), each time the 
electrodes were moved from the pancreas to the spleen, the electrical activity was seen 

20 to decrease. Additionally, when the electrodes were moved back to the pancreas, 
activity increased. This graph indicates that the electrical activity measured by 
electrodes on the pancreas do, in fact, measure pancreatic electrical activity, and are not 
simply recording electric currents whose source is outside the pancreas. If the latter 
were the case, then similar activity would be expected to be seen on the spleen. 

2 5 Fig. 8A shows electrical activity recorded in a sand rat during a first period (0 - 

20 seconds). At approximately t = 20 seconds, tolbutamide was injected. Fig. 8B 
shows pancreatic electrical activity during a second period (80 - 100 seconds), 
following this injection. It is noted that some frequency components are readily 
observable in Fig. 8B which are not present in Fig. 8A. Fig. 8C shows the results of a 

30 frequency analysis of all of the data, from 0 to 120 seconds. Dominant frequency 
components are clearly seen to change during the period following the injection of 
tolbutamide. In a preferred embodiment of the present invention, a control unit is 
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adapted to analyze recorded electropancreatographic data so as to determine changes in 
the frequency components of the signal which are indicative of changes in a patient's 
blood sugar. For example, in the experiment whose results are shown in Figs. 8A, 8B 
and 8C, the effect of tolbutamide to increase pancreatic electrical activity, so as to 
• stimulate insulin production and/or secretion, simulates the effect of high blood sugar 
to stimulate insulin production. 

Figs. 9A, 9B, 10A and 10B are graphs illustrating additional experimental data 
obta.ned in accordance with a preferred embodiment of the present invention. The 
expenments were performed upon sand rats under laboratory conditions similar to 
those of the experiments described above with reference to Figs. 5B, 5C, 6B, 6C 7A 
8A, 8B, and 8C. Fig. 9A shows a 2 minute baseline electrical activity data collection 
period, in which the bipolar electrodes on the pancreas recorded electrical activity At 
approximately t = 100 seconds, the sand rat was injected with a dose of tolbutamide 
(0.1 cc, 5 mM) through the jugular vein, in order to stimulate pancreatic electrical 
activity and thereby to increase the release of insulin. Fig. 9B shows data recorded 
through the same electrodes, beginning at four minutes after the tolbutamide injection 
In F,g. 9B, a clear increase of electrical activity is observed in response to the 
administration of tolbutamide. 

Fig. 10A shows a one minute baseline date collection, period, in which the 
electrical activity of the pancreas of a sand rat was measured under similar laboratory 
conditions. At t = 530 seconds, the sand rat was injected with diazoxide (0 1 cc) in 
order to reduce pancreatic electrical activity and thereby reduce the production ancj/or 
secretion of insulin. Fig. 10B, which shows data starting from thirty seconds following 
this injection, shows a marked decrease in pancreatic electrical activity. In particular 
s P .ke production is seen to be essentially terminated. The combined results of Figs' 
9A, 9B, 10A and 10B show that electropancreatography, as provided by these 
embodiments of the present invention, can be used to allow a control unit implanted in 
a patient's body to determine in real-time whether the pancreas is behaving in a manner 
indicative of elevated blood sugar or depressed blood sugar. Responsive to such a 
determination, the control unit can, for example: (a) directly stimulate the pancreas so 
as to modulate insulin or glucagon production, (b) initiate other measures for restoring 
the pancreatic homeostasis, e.g., direct the patient to inject insulin or call for 
professional help, or (c) store recorded data to allow subsequent analysis 
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Figs. 11, 12, and 13 show the results of signal processing of the experimental 
results shown in Figs. 9A and 9B, in accordance with a preferred embodiment of the 
present invention. The width (duration) of each of the spikes measured during the 
experiment (of which the data shown in Figs. 9 A ,and 9B are a subset) was used as an 

5 indicator for dividing the spikes into two groups: Group I, those spikes having widths 
less than 0.15 second, and Group n, those spikes having widths ranging from 0.15 to 
1.0 second. It can be seen in Fig. 11 that, for all ranges of measured spike width, the 
number of spikes after injection of tolbutamide is notably greater than prior to the 
tolbutamide injection. Thus, these data indicate that (under similar circumstances) a 

0 control unit which detects a similar increase in spike generation can attribute the 
increase to a systemic physiological change in the subject (e.g., changes in blood 
sugar). 

A similar analysis was performed with respect to the amplitudes of the spikes 
before and after tolbutamide injection. Fig. 12 shows that tolbutamide injection 
5 induces more large amplitude and small amplitude spikes than are present in the 
baseline state. 

Fig. 13 is based on further analysis analogous to that shown in Figs. 11 and 12. 
The width and the amplitude of each spike in Figs. 9A and 9B were multiplied, so as to 
generate a measure of the power of the spike. It is seen that the injection of 

: 0 tolbutamide yields approximately twice the number of spikes relative to baseline, in the 
measured power ranges. These results indicate that electropancreatography, as 
provided by embodiments of the present invention, generates a quantitative indication 
of a condition of the blood. Thus, for example, this form of analysis can be used by a 
control unit implanted in a human to determine the onset and extent of glucose changes 

25 in the blood, mutatis mutandis. 

Fig. 14 provides further support for this conclusion. In vivo, in situ, 
experiments were performed on the pancreas of a dog, in accordance with a preferred 
embodiment of the present invention. In these experiments, a portion of the outer layer 
of connective tissue surrounding the pancreas was removed, and surface electrodes 
30 were placed directly on the dog f s pancreas. Results are shown in Fig. 14. In these 
experiments, three different levels of blood glucose were measured: Level I was 
approximately 170 mg/dL, Level II was approximately 220 mg/dL, and Level m was 
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approximately 500 mg/dL. Electrical activity of the pancreas was measured responsive 
to each of the glucose levels. Fig. 14 shows the results of signal processing of the 
measured electrical activity similar to that described with reference to Fig. 13. It can be 
seen in Fig. 14 that the different glucose levels result in measurable differences in 
pancreatic electrical reaction. In particular) ^ excessively-high Level m protocol 
appears to etther suppress spike generation, or not to facilitate it to the same extent as 
Levels I and D. In addition, glucose concentrations at Level n are seen to induce 
"h.gh-power" spikes at over twice the rate of either Level I or Level m. Thus Fig 14 
demonstrates that electropancreatography can be used to monitor the level of glucose in 
the blood. In clinical use> electropancreatographic readings wQuld preferabiy ^ taken 

over a range of imposed glucose levels during calibration, so as to enable subsequent 
accurate assessments by the control unit of the patient's glucose levels. 

Fig. 15 shows results of a further experiment carried out in accordance with a 
preferred embodiment of the present invention. In order to ensure that the results of the 
above experiments and clinical electropancreatographic measurements do not include 
excessive electrical artifact due to electrical activity of smooth muscle in the vicinity of 
the pancreas, such as that of the gastrointestinal (GI) tract, measurements were made of 
the electrical activity at two sites in the GI tract simultaneous with the 
electropancreatographic measurements. The top and middle traces of Fig. 15 show the 
electrical activity at two sites on the GI tract of a dog, and the bottom trace shows the 
electncal activity of the pancreas, measured simultaneously with the GI tract 
measurements. It is markedly clear that the electrical activity of the GI tract is strongly 
penodic in nature, each GI site having the same period, while the pancreatic activity is 
independent of the GI tract. In the dog experiments described herein, a clip including a 
small metal spring was used to hold the electrode mounts to the pancreas. 

Fig. 16 shows results of yet a further experiment on a dog, comparing 
electropancreatographic readings with electrical activity measured at a site on the GI 
tract, a, accordance with a preferred embodiment of the present invention. The 
electrical activity of the GI tract is distinctly periodic while the pancreas exhibits 
characteristic frequency change, In particular, it is noted that the EPG trace shows a 
penod of minimal pancreatic activity from t - 165 - 170 seconds, which is followed by 
a ten second period in which spikes occur at continually increasing frequencies. This 
characteristic of the pancreas is both different from typical GI tract behavior, and has 
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been seen by the inventors to recur in numerous experiments performed in accordance 
with preferred embodiments of the present invention. In clinical use, a control unit 
preferably monitors changes in the spike frequency responsive to a series of imposed or 
other conditions (such as particular glucose levels or changes in glucose levels), in 
5 order to determine those characteristic changes in spike frequency which are indicative 
that a treatment should be initiated or a warning signal should be generated. For 
example, in the calibration period for a given patient, any one or more of the following 
may be found to be useful indicators of blood glucose level or changes thereof: 

• a rate of spike generation, 

10 • aspects of the widths of one or more spikes, 

• aspects of morphology of a measured waveform, 

• changes (e.g., increases or decreases) in the rate of spike generation, 

• particular spike magnitudes associated with particular spike frequencies 
or with changes in spike frequencies, 

15 • changes in spike magnitudes associated with particular spike frequencies 

or with changes in spike frequencies, or 

• frequency or changes in frequency of spikes having particular spike 
widths, e.g., those widths which are predominantly characteristic of 
alpha-, beta-, delta-, or polypeptide-cell activity. 

20 The GI tract data shown in Figs. 15 and 16 are generally consistent with 

measurements of electrical activity of smooth muscles surrounding blood vessels made 
by several researchers and published in articles, such as those cited in the Background 
section of the present patent application by Lamb, F.S. et al., Zelcer, E., et al., Schobel, 
H.P., et al., and Johansson, B. et al. 

25 Fig. 17 shows pancreatic electrical activity of a dog, measured in accordance 

with a preferred embodiment of the present invention. This data set is further 
indication that it is feasible to measure the electrical activity of a substantial portion of 
the pancreas and that the pattern of such activity is markedly different from the 
characteristic approximately 0.3 Hz electrical activity of the smooth muscle of the GI 

30 tract. Preferably, the effects of artifact due to various physiological factors such as 
smooth muscle electrical activity, neural activity, cardiac muscle activity and 
respiration, which are inherently distinguishable from pancreatic electrical activity 
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because o, U,eir dflft™, characteristics, „ ^ ^ fa ^ fc 
embodiment of the present invention, by: (a) fc „ M of refc , Mce ^ 
or near a source of electrical artifact, or (b) software in the control unit which is 
opemuve to detect non-pancreatic waveforms and remove Urem from the EPG. 

la a preferred mode of analysis, a control uni, analyzes the EPG so as to 
distinguish between portions thereof which are indicative of activity of alpha cells and 
Mi cells of the pancreas. For some applications, analysis is also performed to 
determme changes in delta cell activity and/or polypeptide cell activity, increases in 
beta cell activity rypfcafly are toterpreted „ y ^ ^ ^ ^ ^ ^ ^ 

generation of insulin responsive to increased blood sugar, while increases in alpha cell 
acuvuy .ypically correspond to the generation of glucagon responsive to decreased 
blood sugar, ff approprialei , IMnat may be m modffi8(f ^ 

determinations. 

Figures In me above-cited article b, Nadal show calcium-based fluorescence 
changes responsive ,o alpha, bete, and delta eel! activity. Each ceU produces its own 
characteristic fomr, which distinguishes i, from ot he r ^ of ceUs. A particolar 
d.stingn.shing characteristic is the duration „, each burs, of elecrrical activity. m the 
Nadal art.de, alpha cefls are seen ,o produce substantially more pro,onged, long- 
data,™ burses o, fluorescence than do beta cefls, whose activity is barter characterized 
as a senea of short-duration spikes. The da.a presented in me figures of the present 
pa-en, appfication can also be analyzed to distinguish between the acfivity of tire 
Afferent types „, pancreatic cefls. Pig. „ shows prolonged> .^.^ ^ 

ech.ca. activity, for examp,e, be^een 425 and 428 seconds, a, 4X7 seconds, and a. 
426 seconds, and repeated burs, of short-duration spikes from 435 ,o 450 seconds. In a 
cluneal settog, suc h an analysis is preferably performed following a suitebfe 
cabbranon of the EPG apparatus with each patient Tie calibration preferably includes 
airing insnfin or gmcose in different doses ,o a patient to produce a range of 
blood sugar ievels, and analyzing the EPG <o determine characteristics of tire spike 
associated with each Wood sugar level. 

For some applications, EPG analysis is performed using me assumption ma, me 
venous urputs ,o me EPG (e. g „ alpha-, bete, delta-, and polypeptide^) are 
generaliy mutually independen, In Una case, signal processing methods known L me 
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art such as single value decomposition (SVD) or principle component analgia, may be 
adapted for use io order to separate the overaU recorded activity into «s vanous 



sources. 



Alternatively, for some applications it is preferred to assume mat me vanous 
compouents of me EPO are nurtuaHy dependent in which case techniques such as that 
described in the above-cited article by Gut are preferably adapted to enab!e a 
determination of the contribution to the EPG of alpha cits, bete ceils, and/or other 
factors, in particular, Ore Gut article describes methods for distingutshrng d. 
contributions of individual finite-duration wavefotms to an overall electtomyograpiuc 
(EMG) signal. In a preferred embodiment of the present invention, <* -"">" 
adapted to facilitate a calculation of the contributions of groups of alpha and bete cells 
to the overall EPG signal. 

B is to be understood that, in combination with or separately from the analysis 
methods described hereinabove, an EPG can be integrated using simp!e methods, such 
5 as evaluating waveform frequencies, amptitudes, numbers o, threshold-ctosstngs 
energy, corrections with predefined patterns or with an average pattern, or other 
characteristics. 

,t will be appreciated that the principles of the present invention can be 
embodied using a variety of types and configurations of hardware. For example, for 
,„ some applications, it is appropriate ,0 use a relatively small number of electtode* 
p.aced Z or in the bead and,or .tody and/or taU of ft. pancreas. Attentive,, « 
additionally, a larger number of electrodes, e.g., mom than ten, may be £ 
pancreas, preferably but no. necessarily incorporated into flextble or stiff etectiode 
arrays. In a preferred embodiment, several arrays each compristng about 30 - 60 
25 electrodes are placed on or implanted in the pancreas. 

ft is noted that the pin electtodes used in gathering the date show, in the figures 
had chatacteristic diameters of approximately 500 ,o !000 microns, which despite theu 
,arge size, were able to record etecfrica. activity over relatively long periods, eg., up » 
several hours. Any injury which may have been induced (none was demoted) would 
3„ presumably have been limited to a .ocal region around each electeode Fo, *>me 
Cinica, applications, it is preferabte to use or adap, fo. use commercraUy-avadabl 
etectrodes such as those which have diameters of several microns and am destgned for 
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recording electrical activity in the brain. A ranee of electric * ^ 

range or electrodes are known or could be 

adapted ,o measure me chaotic 1-100 microvolt pancreatic electrical activity 

nor r ! T * aPP " Ckte< ' "™ 0 " **" •* to « »- *• »— mention is 
scope of ,„ preaeo, mvention bcIudes ^ 

,r : h heretaabove ' m weu m - — — . ^ 

T ^ a " ^ W ° U,d ~ » »— ^ ta ttie art upon reading 
the foregoing description. M 
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CLAIMS 

1 Apparatus for sensing electrical activity of a pancreas of a patient, comprising: 
a set of one or more electrodes, adapted to be coupled to the pancreas; and 

a control unit, adapted to receive electrical signals from the electrodes 
5 indicative of electrical activity of pancreatic cells which are in a plurality of islets of the 
pancreas, and to generate an output responsive thereto. 

2 Apparatus according to claim 1, wherein a single electrode in the set of one or 
more electrodes is adapted to convey to the control unit an electrical signal indicative 
of electrical activity of pancreatic cells which are in two or more of the aslets. 

10 3 Apparatus according to claim 1, wherein the control unit is adapted to receive 
eiectrical signals from the electrodes indicative of electrical activity of pancreatic cells 
which are in five or more of the islets. 

4 Apparatus accordtog to claim 1, wherein <ha control unit is adapted to receive 
etectrica. signats from tha etecttodes indicative cf electric*! activity of pancreatic calls 

1 5 which are in ten or more of the islets. 

5 Apparatus according to data 1, wherein a firs, one of the one or mora 
electrodes is adapted ,0 convey to the control nnit a firs, efcctrical signal, tadmaUve of 
metrical activity of pancreatic cells which are in a firs, one of the ialets, and wheretn a 
.cond one of .he one or more electrodes is adapted .0 convey .o ™« * 

2 o second electrical signal, indicative of electrical aenvity of pancreatic cells whtch are m 
a second one of me islets, which is differen. from me firs, one of .he islets. 
6 Apparatus according » claim 1, wherein the control unit is adapted to receive 
the e.ec..ical signals from me electrodes responsive to spontaneous etectrical ac.tv.ty of 
the pancreatic cells. 

25 7 Appara.ua according* claim 1, wherein .he con.ro! unit is adapted .o analyze 
the signal so as «o identify an aspect memo, indicative o, acuvhy o, a type o, ceU 
seated from .he lis. consisting of: pancreatic alpha cells, pancreatic hem eel* 
pancreatic delta ceUs, and polypepdde ceils, and wherein toe contml urn. .a adapt* to 
generate the ontpnt responsive to identifying the aspect. 
30 8. Apparatus for monitoring a gjucose level of a patient, comprising. 
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a set of one or more electrodes, adapted to be coupled to a pancreas of the 
patient; and 

a control unit, adapted to receive electrical signals from the electrodes 
indicative of spontaneous electrical activity of pancreatic cells, to analyze the signals so 
as to determine a change in the glucose level, and to generate an output responsive to 
determining the change. 

9. Apparatus according to claim 8, wherein the control unit is adapted to analyze 
the S1 gnals so as to identify an aspect thereof indicative of activity of a type of cell 
se.ected from the list consisting of: pancreatic alpha cells, pancreatic beta cells 
pancreatic delta cells, and polypeptide cells, and wherein the control unit is adapted to 
generate the output responsive to identifying the aspect. 

10. Apparatus for analyzing electrical activity of a pancreas of a patient 
comprising: 

a set of one or more electrodes, adapted to be coupled to the pancreas- and 
a control unit, adapted to receive electrical signals from the electrodes, adapted 
to analyze the signals so as to identify an aspect thereof which is indicative of activity 
of pancreatic alpha cells, and adapted to generate an output responsive to identifying 
the aspect. 6 

11. Apparatus for analyzing electrical activity of a pancreas of a patient 
20 comprising: ' 

a set of one or more electrodes, adapted to be coupled to the pancreas- and 
a control unit, adapted to receive electrical signals from the electrodes, adapted 
to analyze the signals so as to identify an aspect thereof which is indicative of 
spontaneous activity of pancreatic beta cells, and adapted to generate an output 
2 5 responsive to identifying the aspect. 

12. Apparatus according to claim 11, wherein the control unit is adapted to analyze 
the signals so as to distinguish between the aspect thereof which is indicative of the 
activity of the beta cells and an aspect thereof which is indicative of activity of 
pancreatic alpha cells, and wherein the control unit is adapted to generate the output 
responsive to distinguishing between the aspects. 
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Apparatus for analyzing electrical activity of a pancreas of a patient 
comprising: ' 
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a set of one or more electrodes, adapted to be coupled to the pancreas; and 
a control unit, adapted to receive electrical signals from the electrodes, adapted 
to analyze the signals so as to identify an aspect thereof which is indicative of activity 
of pancreatic delta cells, and adapted to generate an output responsive to identifying the 
5 aspect. 

14. Apparatus for analyzing electrical activity of a pancreas of a patient, 
comprising: 

a set of one or more electrodes, adapted to be coupled to the pancreas; and 
a control unit, adapted to receive electrical signals from the electrodes, adapted 
10 to analyze the signals so as to identify an aspect thereof which is indicative of activity 
of polypeptide cells, and adapted to generate an output responsive to identifying the 
aspect. 

15 Apparatus according to any one of claims 10, 11, 13, or 14, wherein the control 
unit is adapted to compare the aspect of the signals with a stored pattern that is 

1 5 indicative of activity of the cells, and to generate the output responsive thereto. 

16 Apparatus according to any one of claims 10, 11, 13, or 14, wherein the control 
unit is adapted to analyze the signals by means of a technique selected from the list 
consisting of: single value decomposition and principle component analysis, and to 
generate the output responsive thereto. 

20 17 Apparatus according to any one of claims 10, 11, 13, or 14, wherein the control 
unit is adapted to analyze the signals under an assumption that the activity of the cells 
is dependent on electrical activity of another type of pancreatic cell, and to generate the 
output responsive thereto. 

18 Apparatus according to any one of claims 10, 11, 13, or 14, wherein the control 
2 5 unit is adapted to analyze the signals so as to identify a frequency aspect thereof, and to 

generate the output responsive to identifying the frequency aspect. 

19 Apparatus according to claim 18, wherein the control unit is adapted to analyze 
the signals so as to differentiate between a first frequency aspect of the signals which is 
indicative of the activity of the cells, and a second frequency aspect of the signals, 

30 different from the first frequency aspect, which is indicative of activity of another type 
of pancreatic cell. 
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20. Apparatus according to claim 18, wherein the control unit is adapted to analyze 
the SI gnals so as to identify over time a change in the frequency aspect that is 
characteristic of the cells. 

21. Apparatus according to claim 18, wherein the control unit is adapted to analyze 
5 the S1 gnals so as to identify a magnitude aspect thereof, wherein the control unit is 

adapted to analyze the frequency aspect and the magnitude aspect in combination, and 
where* the control unit is adapted to generate the output responsive to analyzing the 
aspects. 

22. Apparatus according to claim 18, wherein the control unit is adapted to analyze 
10 the signals so as to identify a duration aspect thereof, wherein the control unit is 

adapted to analyze the frequency aspect and the duration aspect in combination, and 
wherein the control unit is adapted to generate the output responsive to analyzing the 
aspects. 
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Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein the 
control unit is adapted to analyze the signals so as to identify a magnitude aspect 
thereof, and to generate the output responsive to identifying the magnitude aspect. 
24. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein the 
control unit is adapted to analyze the signals so as to identify a duration aspect thereof 
and to generate the output responsive to identifying the duration aspect. 
20 25. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein the 
control unit is adapted to analyze the signals so as to identify a magnitude aspect 
thereof and a duration aspect thereof, wherein the control unit is adapted to analyze the 
aspects m combination, and wherein the control unit is adapted to generate the output 
responsive to analyzing the aspects. 

25 26. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein the 
control unit is adapted to analyze the electrical signals with respect to calibration data 
uuhcative of aspects of pancreatic electrical activity recorded at respective times in 
winch respective measurements of blood glucose level of the patient generated 
respective values. 

30 27. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein the 
electrodes are adapted to be placed in contact with the pancreas. 
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28. Apparatus according to claim 27, wherein at least one of the electrodes is 
adapted to be placed in contact with the head of the pancreas. 

29. Apparatus according to claim 27, wherein at least one of the electrodes is 
adapted to be placed in contact with the body of the pancreas. 

5 30. Apparatus according to claim 27, wherein at least one of the electrodes is 
adapted to be placed in contact with the tail of the pancreas. 

31. Apparatus according to claim 27, wherein at least one of the electrodes is 
adapted to be placed in contact with a vein or artery of the pancreas. 

32. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein at 
1 0 least one of the electrodes is adapted to be placed in contact with a blood vessel in a 

vicinity of the pancreas. 

33. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein the 
apparatus comprises a treatment unit, adapted to receive the output and to apply a 
treatment to the patient responsive to receiving the output. 

15 34. Apparatus according to claim 33, wherein the treatment unit comprises at least 
one electrode in the set of electrodes, and wherein the control unit is adapted to drive 
the at least one electrode to apply current to the pancreas capable of treating a condition 
of the patient. 

35. Apparatus according to claim 33, wherein the treatment unit comprises a signal- 
20 application electrode, and wherein the control unit is adapted to drive the signal- 
application electrode to apply current to the pancreas capable of treating a condition of 
the patient. 

36. Apparatus according to claim 33, wherein the control unit is adapted to generate 
the output responsive to an aspect of the timing of the electrical signals, and wherein 

2 5 the treatment unit is adapted to apply the treatment responsive to the timing aspect. 

37. Apparatus according to claim 33, wherein the control unit is adapted to 
configure the output to the treatment unit so as to be capable of modifying an amount 
of glucose in blood in the patient. 
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38. Apparatus according to claim 37, wherein the control unit is adapted to 
configure the output to the treatment unit so as to be capable of increasing an amount of 
glucose in blood in the patient. 

39. Apparatus according to claim 37, wherein the control unit is adapted to 
5 configure the output so as to be capable of decreasing an amount of glucose in blood in 

the patient. 

40. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein the 
control unit is adapted to receive the signals from at least one of the electrodes when 
the at least one of the electrodes is not in contact with any islet of the pancreas. 

10 41. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein the 
control unit is adapted to generate the output so as to facilitate an evaluation of a state 
of the patient. 

42. A method for sensing electrical activity of a pancreas of a patient, comprising: 
receiving electrical signals indicative of electrical activity of pancreatic cells 

1 5 which are in a plurality of islets of the pancreas; and 
generating an output responsive thereto. 

43. A method according to claim 42, wherein receiving the electrical signals 
comprises receiving an electrical signal recorded at a single site of the pancreas, which 
signal is indicative of electrical activity of pancreatic cells which are in two or more of 

20 the islets. 

44. A method according to claim 42, wherein receiving the electrical signals 
comprises receiving signals indicative of electrical activity of pancreatic cells which are 
in five or more of the islets. 

45. A method according to claim 42, wherein receiving the electrical signals 
25 comprises receiving signals indicative of electrical activity of pancreatic cells which are 

in ten or more of the islets. 

46. A method according to claim 42, wherein receiving the electrical signals 
comprises: 

receiving a first electrical signal recorded at a first site, indicative of electrical 
30 activity of pancreatic cells which are in a first one of the islets; and 
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receiving a second electrical signal recorded at a second site, indicative of 
electrical activity of pancreatic cells which are in a second one of the islets, which is 
different from the first one of the islets. 

47. A method according to claim 42, wherein receiving the electrical signals 
5 comprises receiving electrical signals responsive ,to spontaneous electrical activity of 

the pancreatic cells. 

48. A method according to claim 42, and comprising analyzing the signals so as to 
identify an aspect thereof indicative of activity of a type of cell selected from the list 
consisting of: pancreatic alpha cells, pancreatic beta cells, pancreatic delta cells, and 

10 polypeptide cells, wherein generating the output comprises generating the output 
responsive to identifying the aspect. 

49. A method for monitoring a glucose level of a patient, comprising: 

receiving electrical signals indicative of spontaneous electrical activity of 
pancreatic cells; 

15 analyzing the signals so as to determine a change in the glucose level; and 

generating an output responsive to determining the change. 

50. A method according to claim 49, wherein analyzing the signals comprises 
identifying an aspect thereof indicative of activity of a type of cell selected from the list 
consisting of: pancreatic alpha cells, pancreatic beta cells, pancreatic delta cells, and 

20 polypeptide cells, and wherein generating the output comprises generating the output 
responsive to identifying the aspect. 

51. A method for analyzing electrical activity of a pancreas of a patient, 
comprising: 

receiving electrical signals recorded at one or more pancreatic sites; 
25 analyzing the signals so as to identify an aspect thereof which is indicative of 

activity of pancreatic alpha cells; and 

generating an output responsive to identifying the aspect. 

52. A method for analyzing electrical activity of a pancreas of a patient, 
comprising: 

3 0 receiving electrical signals recorded at one or more pancreatic sites; 

analyzing the signals so as to identify an aspect thereof which is indicative of 
activity of pancreatic beta cells; and 
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generating an output responsive to identifying the aspect. 

53. A method according to claim 52, wherein analyzing the signals comprises 
anguishing between the aspect thereof which is indicative of the activity of the beta 
cells and an aspect thereof which is indicative of activity of pancreatic alpha cells 

> wherein generating the output comprises generating the output responsive to 
distinguishing between the aspects. 

54. A method for analyzing electrical activity of a pancreas of a patient 
comprising: ' 

receiving electrical signals recorded at one or more pancreatic sites; 
analyzing the signals so as to identify an aspect thereof which is indicative of 
activity of pancreatic delta cells; and 

generating an output responsive to identifying the aspect. 

55. A method for analyzing electrical activity of a pancreas of a patient, 
comprising: 3 

receiving electrical signals recorded at one or more pancreatic sites; 
analyzing the signals so as to identify an aspect thereof which is indicative of 
activity of polypeptide cells; and 

generating an output responsive to identifying the aspect. 

56. A method according to any one of claims 51, 52, 54, or 55, wherein analyzing 
the signals comprises comparing the aspect of the signals with a stored pattern that is 
md.cative of activity of the cells, and wherein generating the output comprises 
generating the output responsive thereto. 

57. A method according to any one of claims 51, 52, 54, or 55, wherein analyzing 
he signals comprises analyzing the signals by means of a technique selected from the 
hst consisting of: single value decomposition and principle component analysis, and 
wherein generating the output comprises generating the output responsive thereto. 

58. A method according to any one of claims 51, 52, 54, or 55, wherein analyzing 
the signals comprises analyzing the signals under an assumption that the activity of the 
cells is dependent on electrical activity of another type of pancreatic cell, and wherein 
generating the output comprises generating the output responsive thereto. 
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59. A method according to any one of claims 51, 52, 54, or 55, wherein analyzing 
the signals comprises analyzing the signals so as to identify a frequency aspect thereof, 
and wherein generating the output comprises generating the output responsive to 
identifying the frequency aspect. 

5 60. A method according to claim 59, wherein analyzing the signals comprises 
analyzing the signals so as to differentiate between a first frequency aspect of the 
signals which is indicative of the activity of the cells, and a second frequency aspect of 
the signals, different from the first frequency aspect, which is indicative of activity of 
another type of pancreatic cell. 

10 61. A method according to claim 59, wherein analyzing the signals comprises 
analyzing the signals so as to identify over time a change in the frequency aspect that is 
characteristic of the cells. 

62. A method according to claim 59, wherein analyzing the signals comprises: 
analyzing the signals so as to identify a magnitude aspect thereof; and 

1 5 analyzing the frequency aspect and the magnitude aspect in combination, 

wherein generating the output comprises generating the output responsive to 
analyzing the aspects. 

63. A method according to claim 59, wherein analyzing the signals comprises: 
analyzing the signals so as to identify a duration aspect thereof; and 

2 0 analyzing the frequency aspect and the duration aspect in combination, 

wherein generating the output comprises generating the output responsive to 
analyzing the aspects. 

64. A method according to any one of claims 42, 49, 51, 52, 54, or 55, wherein 
analyzing the signals comprises analyzing the signals so as to identify a magnitude 

25 aspect thereof, and wherein generating the output comprises generating the output 
responsive to identifying the magnitude aspect. 

65. A method according to any one of claims 42, 49, 51, 52, 54, or 55, wherein 
analyzing the signals comprises analyzing the signals so as to identify a duration aspect 
thereof, and wherein generating the output comprises generating the output responsive 

30 to identifying the duration aspect. 
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66 A method according to any one of claims 42, 49, 51, 52, 54, or 55, wherein 
analyzing the signals comprises: 

analyzing the signals so as to identify a magnitude aspect thereof and a duration 
aspect thereof; and 

3 analyzing the aspects in combination, 

wherein generating the output comprises generating the output responsive to 
analyzing the aspects. 

67 A method according to any one of date* 42, 49, 51, 52, 54, o, 55, wherein 
analyzmg to signab eaafrimt fc ^ ^ 

cahbradon data indicative of aspeca of pancreadc eiectrica, acdvity recorded a. 
respecbve Umes, in which respective measurement of blood glucose level of the 
patient generated respective values. 

68. A method according to any one of claims 42, 49, 51, 52, 54, or 55, wherein 
recemng the electrical signals comprises receiving the signals from at least one 
electrode placed in contact with the pancreas. 

69. A method according to claim 68, wherein receiving the electrical signals 
compnses receiving the signals from at least one electrode placed in contact with the 
nead of the pancreas. 

70. A method according ,o claim 68, wherein receiving me electrical aignafa 
compnses receiving rhe argnala from a, leas, one electrode placed in contact with the 
body of the pancreas. 

71. A method according to claim 68, wherein receiving the elecdical signals 
compnses receiving the sigaars tan a, tas, one Strode placed in contact with the 
tail of the pancreas. 

72. A method according to clainr 68, wherein receiving .he elecrrical signals 
cotnpnses receiving the signals tan a, leas, one decode place* in contact with a vein 
or artery of the pancreas. 

73. A method according to any one of claims 42, 49, 51, 52, 54, or 55, wherein at 
least one of the electrodes is adapted to be placed in contact with a blood vessel in a 
vicimty of the pancreas. 
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74. A method according to any one of claims 42, 49, 51, 52, 54, or 55, and 
comprising applying a treatment to the patient responsive to receiving the output. 

75. A method according to claim 74, wherein applying the treatment comprises 
applying electric current to the pancreas capable of treating a condition of the patient. . 

5 76. A method according to claim 74, wherein applying the treatment comprises 
applying the treatment responsive to an aspect of the timing of the electrical signals. 

77. A method according to claim 74, wherein applying the treatment comprises 
configuring the treatment so as to be capable of modifying an amount of glucose in 
blood in the patient. 

10 78. A method according to claim 77, wherein configuring the treatment comprises 
configuring the treatment so as to be capable of increasing an amount of glucose in 
blood in the patient. 

79. A method according to claim 77, wherein configuring the treatment comprises 
configuring the treatment so as to be capable of decreasing an amount of glucose in 

1 5 blood in the patient. 

80. A method according to any one of claims 42, 49, 51, 52, 54, or 55, wherein 
receiving the signals comprises receiving the signals from at least one electrode which 
is not in contact with any islet of the pancreas. 

81. A method according to any one of claims 42, 49, 51, 52, 54, or 55, wherein 
2 0 generating the output comprises facilitating an evaluation of a state of the patient. 

82.. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, wherein at 
least one of the electrodes has a characteristic diameter less than about 3 millimeters. 

83. Apparatus according to claim 82, wherein the at least one of the electrodes has a 
characteristic diameter less than about 300 microns. 

2 5 84. Apparatus according to claim 83, wherein the at least one of the electrodes has a 
characteristic diameter less than about 30 microns. 

85. Apparatus according to any one of claims 1, 8, 10, 11, 13, or 14, and comprising 
a clip mount, coupled to at least one of the electrodes, which is adapted for securing the 
at least one of the electrodes to the pancreas. 

30 
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